Although dysregulation within the dopamine (DA) system is a hallmark feature of chronic cocaine exposure, the question of whether these alterations persist into abstinence remains largely unanswered. Nonhuman primates represent an ideal model in which to assess the effects of abstinence on the DA system following chronic cocaine exposure. In this study, male rhesus monkeys self-administered cocaine (0.3 mg/kg per injection, 30 reinforcers per session) under a fixed-interval 3-min schedule for 100 days followed by either 30 or 90 days abstinence. This duration of cocaine self-administration has been previously shown to decrease DA D2-like receptor densities and increase levels of D1-like receptors and DA transporters (DAT). Responding by control monkeys was maintained by food presentation under an identical protocol and the same abstinence periods. [
INTRODUCTION
Chronic cocaine use among human addicts has been associated with neuroadaptations in the dopamine (DA) system (Malison et al, 1998; Volkow et al, 1993 Volkow et al, , 1997 . These include increases in the density of DA transporters (DAT) and decreases in the concentrations of DA D2-like receptors (Little et al, 1999; Mash et al, 2002; Volkow et al, 1993) . In addition, alterations in DA release have also been observed. For example, investigators using positron emission tomography (PET) studies with [ 11 C]raclopride and methylphenidate have demonstrated decreases in DA release in the striatum of chronic cocaine users (Volkow et al, 1997; Wong et al, 2006) . One problem, however, is that it is often difficult to exclude the influence of other factors such as the use of other illegal and legal drugs, differences in prior drug intake and use patterns, and differences in lifestyle. These differences, as well as the existence of conditions that may predate drug use, can limit the interpretation of studies in human patients.
Nonhuman primate models, in which variables can be systematically manipulated, represent an alternative approach to the study of the consequences of chronic cocaine self-administration and subsequent abstinence. Previous studies have demonstrated that chronic cocaine exposure is accompanied by significant decreases in the concentrations of DA D2 receptors as well as elevations in the levels of D1 receptors and the density of the DAT (Letchworth et al, 2001; Moore et al, 1998a, b; Nader et al, 2002 Nader et al, , 2006 . These effects mirror those seen in humans, thus substantiating the utility of these models of drug exposure.
Although there is considerable evidence for dysregulation of DA systems, it has proven more difficult to evaluate whether there is any evidence for recovery following cessation of drug use (Malison et al, 1998; Jacobsen et al, 2000; Volkow et al, 1993) or whether these changes persist beyond the time frame of continued cocaine exposure. Again, nonhuman primate models can provide insights into this phase of addiction. Farfel et al (1992) reported decreased concentrations of DAT and D1-like receptors in the striatum of monkeys following abstinence from chronic noncontingent exposure to cocaine. However, the specific role of abstinence was difficult to determine because of the lack of measurements in a group with no abstinence period. In a similar fashion, Melega et al (2008) reported significantly decreased levels of DAT in the striatum of vervet monkeys following 3 weeks of abstinence from an escalating methamphetamine regimen. The administration of stimulants in both studies, however, was noncontingent. The route of administration (contingent vs noncontingent) has been shown to impact the brain differentially with respect to both DA release (Hemby et al, 1997) and glucose metabolism (Graham and Porrino, 1995; Porrino et al, 2002) . Thus, the use of self-administration in the present study circumvents this issue. In addition, the effects of longterm cocaine self-administration on brain DA systems has been extensively studied using this model of self-administration in rhesus monkeys, thereby providing a baseline from which to assess the neuroadaptations that occur during abstinence.
The purpose of these studies, therefore, was to determine whether the changes in DAT and DA D1 and D2 receptor concentrations that have been demonstrated previously in animals exposed to cocaine self-administration (Letchworth et al, 2001; Moore et al, 1998a, b; Nader et al, 2002) would be reversed following extended periods of abstinence. On the basis of studies in human drug users (cf Volkow et al, 1993) , we hypothesized that these changes in the DA system would persist even after 3 months of abstinence. To this end, monkeys self-administered cocaine for 100 sessions, with total intakes of 900 mg/kg, followed by either 30 or 90 days of abstinence from the drug. DA D1 and D2 receptors, as well as the DAT, were measured with quantitative in vitro receptor autoradiography.
METHODS

Subjects
A total of 17 experimentally-naive adult male rhesus monkeys (Macaca mulatta) weighing between 7.7 and 13 kg (mean±SD, 10.2±1.32) at the start of the study served as subjects. All procedures were performed in accordance with established practices as described in the National Institutes of Health Guide for Care and Use of Laboratory Animals. In addition, all procedures were reviewed and approved by the Animal Care and Use Committee of Wake Forest University. Monkeys were individually housed in stainless steel cages with water ad libitum; animals had physical and visual contact with each other. Their body weights were maintained at approximately 90-95% of free-feeding weights by banana-flavored pellets earned during the experimental sessions and by supplemental feeding of Lab Diet Monkey Chow, provided no sooner than 30 min post-session. In addition, they were given fresh fruit or peanuts at least three times per week. Each monkey was weighed once a week, and if necessary, their diets were adjusted to maintain stable weights.
Behavioral Apparatus
Experimental sessions were conducted in ventilated and sound-attenuated operant chambers (1.5 Â 0.74 Â 0.76 m; Med Associates Inc., East Fairfield, VT) designed to accommodate a primate chair (Model R001; Primate Products, Redwood City, CA). The chamber contained an intelligence panel (48 Â 69 cm), which consisted of two retractable levers (5 cm wide) and three stimulus lights. The levers were positioned within easy reach of the monkey sitting in the primate chair. Banana-flavored food pellets (1 g; Bio-Serv, Frenchtown, NJ) were delivered from a feeder located on top of the chamber. A peristaltic infusion pump (7531-10; Cole-Parmer Co., Chicago, IL) was used to deliver drug injections at a rate of approximately 1 ml per 10 s to those animals self-administering cocaine. Operation of the chambers and data acquisition was accomplished with a Power Macintosh computer system with an interface (Med Associates Inc.).
Surgical Procedures
All monkeys, including controls, were surgically prepared, under sterile conditions, with indwelling intravenous catheters and vascular access ports (Model GPV; Access Technologies, Skokie, IL). Monkeys were anesthetized with a combination of ketamine (15 mg/kg, i.m.) and butorphanol (0.03 mg/kg, i.m.) and an incision was made near the femoral vein. After blunt dissection and isolation of the vein, the proximal end of the catheter was inserted into the vein for a distance calculated to terminate in the inferior vena cava. The distal end of the catheter was threaded subcutaneously to an incision made slightly off the midline of the back. The vascular access port was placed within a pocket formed by blunt dissection near this incision. Monkeys were given 24-48 h recovery time before returning to food-reinforced responding. Approximately 5 days before the terminal procedure, each monkey was implanted with a chronic indwelling catheter into the adjacent femoral artery for collection of timed arterial blood samples. The surgical procedures were identical to those described for the venous catheters. On the day of the final session, a terminal cerebral glucose metabolism study was conducted in which monkeys were injected with 2-[ 14 C]deoxyglucose (2-DG) approximately 2 min after the end of the session and blood samples were obtained through the arterial catheter over a 45 min period (see Beveridge et al, 2006 for details) . Metabolism data from these studies are not presented here.
Self-Administration Procedures
Monkeys were initially trained to respond on one of two levers by reinforcing each response on the correct lever with a food pellet. Over approximately a 3-week period the interval between availability of food pellets was gradually increased until a 3-min interval was achieved (ie fixedinterval 3-min schedule of reinforcement; FI 3-min). Under the final schedule conditions, the first response on the lever after 3 min resulted in the delivery of a food pellet; sessions ended after 30 food presentations. At the end of each session, the response levers were retracted, houselights and stimulus lights were extinguished, and animals remained in the darkened chamber for approximately 30 min before they were returned to their home cages. All monkeys responded under the FI 3-min schedule of food presentation for at least 20 sessions and until stable performance was obtained ( ± 20% of the mean for three consecutive sessions, with no trends in response rates). When food-maintained responding was stable, the feeder was unplugged and the effects of extinction on responding were examined for five consecutive sessions, after which responding was reestablished and maintained by food presentation.
After baseline performance had been established, all monkeys were surgically prepared with venous catheters, as described above, and randomly assigned to one of three groups. One group of monkeys served as controls and continued to respond under the FI 3-min schedule of food presentation for a total of 100 sessions (N ¼ 6). The remaining 11 monkeys were assigned to the cocaine selfadministration groups (0.3 mg/kg per injection). Because 0.3 mg/kg cocaine per injection was considered a high dose for previously cocaine-naive monkeys, for most animals this dose was achieved within two sessions by first allowing the monkey to self-administer 0.1 mg/kg cocaine. Food-maintained performance was allowed to stabilize after surgery (approximately 4-6 days) before cocaine self-administration sessions were begun. Before each experimental session, the back of the animal was cleaned with 95% ethanol and betadine scrub and a 22 gauge Huber Point Needle (Model PG20-125) was inserted into the port leading to the venous catheter, connecting an infusion pump containing the cocaine solution to the catheter. Before the start of the session, the pump was operated for approximately 3 s, filling the port with the dose of cocaine that was available during the experimental session. Sessions ended after 30 injections; as under control conditions, monkeys remained in the darkened chamber for approximately 30 min. At the end of each session, the port was filled with heparinized saline (100 U/ml) to help prevent clotting.
Experimental sessions were conducted at approximately the same time each day and continued for a total of 100 sessions. Following the completion of the 100 sessions, an abstinence period of 30 or 90 days was introduced during which time catheters were flushed daily with heparinized saline, but no cocaine or food self-administration sessions were conducted. For the control group, abstinence periods of 30 days were imposed in four animals and 90 days in the two others. For the cocaine group, abstinence periods of 30 days were imposed on eight animals and 90 days on three animals. At the end of the period of abstinence one final self-administration session (food control or cocaine) was conducted and the 2-DG procedure was initiated immediately following the session. In two controls and four cocaine self-administration animals in the 30-day abstinence group, no cocaine was received at the final session. Animals were humanely killed with an overdose of pentobarbital (100 mg/kg, i.v.) at the end of the 45 min tracer uptake period.
Tissue Processing
After killing, brains were immediately removed, blocked, and frozen in isopentane at À35 to À551C and then stored at À801C. The tissue blocks containing the striatum were then cut in a cryostat at À201C in the coronal plane into 20 mm sections, collected onto electrostatically charged slides, desiccated under a vacuum overnight at 41C, then stored at À801C until processed for autoradiography. Brain sections were collected from the portions of the caudate nucleus, putamen, and nucleus accumbens that lie rostral to the anterior commissure. This region is referred to as the precommissural striatum. Further, rostral and caudal levels of the precommissural striatum were designated with reference to the nucleus accumbens. The rostral precommissural striatum is the region where the nucleus accumbens is not differentiated into distinct shell and core subcompartments. The caudal precommissural striatum is the region congruent with the appearance of the shell and core of the nucleus accumbens, which is posterior to the emergence of the olfactory tubercle. For each of the binding studies, two adjacent sections were taken at each of five levels (two rostral and three caudal) through the precommissural striatum for a total of 10 sections per animal. 
D1 Receptor Binding
D2 Receptor Binding
The density and distribution of DA D2 receptor binding sites were determined with [ 3 H]raclopride (specific activity, 87 Ci/mmol; PerkinElmer) according to procedures adapted from Lidow et al (1991) and Nader et al (2002) . Sections were preincubated for 20 min in buffer (50 mM Tris, 120 mM NaCl, 5 mM KCl, pH 7.4, 251C) to remove endogenous DA, cocaine, and [ 
Dopamine Transporter Binding
The density of DAT binding sites was determined using [ 3 H]WIN 35,428 (specific activity, 87 Ci/mmol; PerkinElmer) autoradiography according to procedures adapted from Canfield et al (1990) and Letchworth et al (2001) . Tissue sections were preincubated in buffer (50 mM Tris, (Nader et al, 2002) , data from the control groups were combined. In addition, there were no significant differences between the data from those animals who received cocaine and those that did not at their final session, so data from these groups were also combined. (Moore et al, 1998a; Nader et al, 2002) , the binding of [ 3 H]SCH 23390 to D1 receptors in non-drug-exposed control animals was heterogeneous with appreciable differences in the degree of binding among subregions of the striatum. Labeling was denser in the more rostral and medial portions throughout the striatum.
RESULTS
Effects of Abstinence from Chronic Cocaine Self-Administration for 30 Days
After 30 days of abstinence from cocaine exposure, binding to D1 receptors was characterized by widespread elevations across the entire rostral-caudal extent of the precommissural striatum, when compared to binding densities in non-drug-exposed control animals (Table 1; Figure 1 ). In the more rostral striatum, concentrations were significantly higher in the caudate nucleus including the dorsolateral ( + 27%), central ( + 27%), dorsomedial ( + 27%), and ventromedial ( + 23%) portions, as well as in the dorsal ( + 17%), central ( + 22%), and ventral ( + 23%) portions of the putamen, when compared to the densities in non-drug-exposed controls animals. Significant elevations were also evident in the nucleus accumbens ( + 23%) at this level. At the level of the striatum where the core and shell of the nucleus accumbens are most differentiated, densities of D1-like receptors were also significantly higher throughout the dorsolateral ( + 31%), central ( + 29%), dorsomedial ( + 30%), and ventromedial ( + 18%) caudate nucleus, as well as the dorsal ( + 23%), central ( + 29%), and ventral ( + 28%) putamen, as compared to densities of non-drugexposed controls. Within the ventral striatum at this level, the concentration of D 1 receptor binding sites was higher in (Moore et al, 1998b; Nader et al, 2002) . In the non-drug-exposed controls, higher concentrations of D2 binding sites were present in the dorsal as compared to the ventral striatum. In addition, there was evidence of a medial to lateral gradient with the higher concentrations of binding sites present in the more lateral portions of the striatum.
After 30 days of abstinence, levels of D2 receptor binding in cocaine-exposed and food-reinforced animals were not significantly different from one another in most regions of the striatum. Higher concentrations of binding sites were observed in the ventral putamen ( + 10%) and anterior nucleus accumbens ( + 12%) in tissue from the cocaineexposed monkeys compared to controls. No other significant differences were noted.
Concentrations of [
3 H]WIN 35428 binding to DAT in the precommissural striatum are shown in Table 3 . Consistent with previous reports (Letchworth et al, 2001) , binding to DAT sites in non-drug-exposed animals was higher in dorsal as compared to ventral striatum. Within the nucleus accumbens, higher densities were observed in the core as compared to the shell divisions. Finally, nonspecific binding accounted for less than 10% of the total.
After 30 days of abstinence from cocaine exposure, binding to the DAT was significantly higher throughout the majority of regions of the striatum rostral to the anterior commissure when compared to binding in non-drugexposed control animals (Figure 1) . Specifically, the concentrations of DAT binding sites at rostral levels were significantly higher in central ( + 22%), dorsomedial ( + 25%), and ventromedial ( + 28%) caudate nucleus, and in the dorsal ( + 16%) and central ( + 23%) putamen, compared to food-reinforced controls. In addition, there was also significantly higher binding to DAT in the anterior nucleus accumbens ( + 37%) in cocaine-compared to foodreinforced monkeys. Within the more caudal portions of the precommissural striatum, densities of DAT binding sites were significantly higher in the central caudate nucleus ( + 21%), and putamen, central ( + 20%) and ventral ( + 19%; Figure 1 ). Within the ventral striatum at this level, binding to DAT was significantly higher in the nucleus accumbens core ( + 20%) and olfactory tubercle ( + 24%) in tissue from cocaine-vs food-reinforced monkeys.
Effects of Abstinence from Chronic Cocaine Self-Administration for 90 Days
In contrast to the widespread differences in the density of D1 receptor binding sites observed in cocaine-exposed animals following 30 days of abstinence, after 90 days of abstinence, there were no significant differences when compared to food-reinforced controls in any portion of the precommissural striatum (Table 1; Figure 1) . Similarly, concentrations of [ 3 H]raclopride binding to DA D2 receptors in the precommissural striatum after 90 days of abstinence were also not significantly different from those in non-drug-exposed animals ( Table 2) . The concentrations of [ 3 H]WIN 35428 binding to DAT exhibited a similar pattern to that observed with D1 and D2 receptors. There were no significant differences in the density of DAT between cocaine-exposed monkeys following 90 days of abstinence as compared to levels in nondrug-exposed controls (Table 3 ; Figure 1 ), although it should be noted that there was a trend toward higher levels of binding in the anterior nucleus accumbens. 
DISCUSSION
Previous studies from our group have shown that chronic exposure to cocaine self-administration is accompanied by significant dysregulation of the DA system of nonhuman primates (Letchworth et al, 2001; Moore et al, 1998a, b; Nader et al, 2002 Nader et al, , 2006 . The results of the present study demonstrate that this dysregulation remains evident after cessation of cocaine exposure. Following 30 days of abstinence, the concentrations of DA D1 receptors and the DAT were significantly elevated throughout the striatum of monkeys with histories of chronic cocaine self-administration when compared to food-reinforced controls. However, the present study also provides clear evidence for recovery within the DA system after more prolonged periods of abstinence (90 days), as evidenced by the lack of significant differences between cocaine-exposed and controls animals at this time point. These data suggest that cocaine exposure may not produce permanent alterations in the DA system, but that recovery may occur with prolonged abstinence from drug use.
The dysregulation of DAT concentrations shown here following abstinence is consistent with previous reports in nonhuman primates (Letchworth et al, 2001) , which showed significant elevations in the densities of DAT binding sites in both ventral and dorsal striatum. Although not explicitly tested, it appears that after cessation of drug exposure the elevations in DAT binding site density are at least as great in magnitude and more widespread across the regions of the striatum than those reported without any withdrawal period (Letchworth et al, 2001) . Similarly, the elevated concentrations of D1 receptor binding sites observed here following 30 days of abstinence are also consistent with previous studies that showed increased D1-like receptor binding densities in the Mean (SEM) data sampled at two levels of the striatum (rostral and caudal) are presented as specific binding in fmols/mg of wet-weight tissue. *po0.05 different from food control, one-way ANOVA followed by a post hoc least-squares difference test comparing abstinence groups to food controls. Mean (SEM) data sampled at two levels of the striatum (rostral and caudal) are presented as specific binding in fmols/mg of wet-weight tissue. *po0.05, **po0.01 different from food control, one-way ANOVA followed by a post hoc least-squares difference test comparing abstinence groups to food controls.
striatum of nonhuman primates exposed to an identical regimen of cocaine self-administration (Nader et al, 2002) . In contrast there were no significant differences observed between the levels of D2-like receptor binding densities in the striatum of cocaine-exposed and control animals. This lack of dysregulation was present, despite the large decreases in the concentrations of D2 receptors that have been reported in both human addicts (Volkow et al, 1993) and animal models of cocaine self-administration (Moore et al, 1998a, b; Nader et al, 2002 Nader et al, , 2006 ). The present data, then, suggest a more rapid normalization to control levels in this system as compared to D1-like receptors and the DAT. Taken together, the changes in DA receptors and the DAT clearly show that the period immediately following cessation of cocaine self-administration is highly labile with considerable changes in the regulation of the DA system taking place, but that this is followed by re-regulation of the system approaching a more normal distribution of DA receptors and the DAT after more prolonged abstinence.
D1 Receptor Changes
The widespread elevations in the density of D1 receptors observed here after the cessation of cocaine use are consistent with reports demonstrating an increased sensitivity of D1 receptors during withdrawal. Measurement of D1 sensitivity was undertaken in a study by Henry and White (1991) , in which single unit recordings of neurons in the nucleus accumbens were found to be more sensitive to the D1 receptor agonist SKF 38393 following chronic daily injections of cocaine compared to saline-treated controls. This effect was persistent, in that increased sensitivity remained evident up to one month into withdrawal. The authors hypothesized that the D1 receptor sensitization was due to D2 autoreceptor subsensitivity in the somatodendritic A10 area, thereby reducing inhibitory impulse flow throughout the mesoaccumbens DA system (Henry and White, 1991) . The data from the present study suggest increased D1 receptor binding sites in abstinence, which could explain this increased sensitivity of dopaminergic neurons to a direct-acting D1 receptor agonist. Furthermore, the enhanced effect of SKF 38393 on nucleus accumbens neurons was not apparent two months following withdrawal, suggesting that there was recovery of the D1 receptor sensitivity (Henry and White, 1991) ; an outcome consistent with the recovery of D1 receptor densities noted in the present study after 90 days of abstinence. Other reports also support an important role for D1 receptors in relapse. The direct stimulation of D1 receptors in the shell of the nucleus accumbens can reinstate cocaine seeking in abstinent rodents (Schmidt et al, 2006) . However, the literature is somewhat inconsistent in that both D1 agonists and antagonists can attenuate drug seeking elicited by cocaine primes or cocaine-related stimuli (Alleweireldt et al, 2002; De Vries et al, 1999; Khroyan et al, 2000; Self et al, 1996; Weiss et al, 2001) . Recently, Khroyan et al (2003) reported that D1 agonists and antagonists reduce relapse in a nonhuman primate model of cocaine seeking. These authors suggested that there may be a critical range of D1 receptor activity necessary for cocaine seeking, and that both antagonists and agonists could shift activity out of this window. The increased concentrations of D1 receptors that accompany abstinence might modify this range, resulting in an alteration in the sensitivity of this system. Another consideration is that D1 activity may act to modulate activity at D2 receptors (Nolan et al, 2007; Ruskin et al, 1999; Walters et al, 1987) . The present data suggest that the ratio of D1 to D2 receptors shifts during the course of abstinence and may thereby alter the efficacy of this modulation. Although, in contrast to the present data, there have been reports of decreased levels of D1 receptors following chronic cocaine self-administration (Moore et al, 1998a) , considerable differences exist between these studies, such as dose and length of exposure to cocaine, total intake, and comparative control groups. Taken together, therefore, converging evidence strongly indicates that the D1 system is in considerable flux following withdrawal from chronic cocaine administration.
Dopamine Transporter Changes
The findings of elevated concentrations of DAT across the striatum of cocaine-exposed animals after cessation of drug use extend those of our previous studies showing increased levels of DAT binding sites that accompany cocaine selfadministration in nonhuman primates. The present data demonstrate that this dysregulation persists during the initial phases of abstinence. Furthermore, they suggest that recovery to control levels follows a relatively long time course (up to 90 days in the present study). In our previous studies we showed that although initially restricted to largely ventral striatal regions, changes in the density of DAT binding sites expanded to encompass more dorsal and rostral portions of the striatum with longer periods of exposure to cocaine (Letchworth et al, 2001; Porrino et al, 2004) . In the present study the return to control levels of DAT concentrations during abstinence appeared to be greater and more rapid in the dorsal striatum than in the ventral striatum, and thus seemed to follow a reverse anatomical trajectory to the pattern of effects induced by chronic cocaine exposure.
The present data are also consistent with reports in human cocaine users (Little et al, 1999; Malison et al, 1998; Mash et al, 2002; Staley et al, 1994) that have shown elevated levels of binding to DAT sites in the striatum compared to controls, with the most marked increases located in the ventral striatum. Recently, these elevations have been shown to be accompanied by significant decreases in vesicular monoamine transporter 2 (VMAT2) binding (Little et al, 2003) , suggestive of an actual loss of DA neurons. The authors concluded that the elevated DAT was likely directly due to a compensatory response to the pharmacological blockade by cocaine, whereas the decreases in VMAT2 more likely reflected overall changes in DA metabolism, resulting in hypodopaminergic function.
Human cocaine addicts have been reported to have reduced DA concentrations in the ventral striatum, as measured with PET, in response to methylphenidate challenge when compared to healthy controls (Volkow et al, 1997) . Recently, Martinez et al (2007) reported that cocaine users had a blunted response to an amphetamine challenge in the ventral striatum and putamen. Furthermore, this decrease in amphetamine-induced DA release was correlated with the choice for cocaine in separate selfadministration sessions, such that those users with the lowest degree of DA release in response to amphetamine were most likely to choose cocaine over an alternative reinforcer (Martinez et al, 2007) . Recent studies in rodent models of cocaine use support this idea as well. Mateo et al (2005) , for example, reported that exposure to chronic cocaine self-administration is associated with alterations in DAT function. These investigators showed that baseline DA uptake was increased, resulting in more rapid clearance of synaptic DA, and therefore, decreased basal levels of extracellular DA, or a hypodopaminergic state. Thus, it is likely that the increased DAT concentrations following withdrawal from chronic cocaine self-administration observed in the present study represent a compensatory response, resulting in lower baseline levels of extracellular DA.
D2 Receptor Changes
One result from the present study was that the concentrations of D2 receptor levels had returned to control values following 30 days of abstinence, compared to the significant decreases observed in animals with no withdrawal period (Nader et al, 2002) . In contrast to the present investigation, human imaging studies have generally found that D2 receptor levels are lower than those of controls following prolonged abstinence from chronic cocaine exposure (Martinez et al, 2004; Volkow et al, 1993) . Potential explanations of the differences between these human studies and the present nonhuman primate investigation include differences in the pattern and duration of cocaine intake, as well as the possibility of preexisting lower levels of D2 receptors in human addicts. Consistent with the latter idea, there is evidence to suggest that lower basal levels of D2 receptors in healthy humans predict increased reinforcing efficacy of stimulants such as methylphenidate (Volkow et al, 1999) , and similarly in monkeys, baseline levels of D2 receptors predicted the propensity to self-administer cocaine (Morgan et al, 2002; Nader et al, 2006) . In keeping with the parallel nature of these findings across species, both human (Volkow et al, 1993) and nonhuman primate imaging studies have demonstrated lower levels of D2 receptor availability following abstinence from cocaine exposure. Notably, the schedule of cocaine self-administration in the latter experiment was similar to the schedule of reinforcement used in this study. Thus, the dissimilar outcomes from these two studies are unlikely to have been due to methodological differences, such as the schedule of reinforcement or cumulative intake during cocaine self-administration.
A more likely explanation involves the functional dynamics of the DA system. Measures of D2 receptor availability with PET have been described as 'functional' because the signal is related to the amount of protein (in this case densities of D2 receptors) and the levels of circulating neurotransmitter (see Laruelle, 2000; Nader and Czoty, 2008 for further discussion). In contrast, receptor autoradiography is uncontaminated by circulating levels of DA. Thus, the present study, along with our earlier work, suggests that D2 receptor densities are decreased by cocaine self-administration, but the receptor levels appear to recover during abstinence. In a similarly conducted PET study , recovery was noted in three of five monkeys. The present findings suggest that these monkeys were probably not different in D2 receptor densities, but perhaps the responsiveness of the DA system (ie levels of circulating DA during abstinence) differentiated between 'recovered' and 'nonrecovered' subjects.
Limitations
One important limitation of the current studies is that our studies cannot address the functionality of the D1 and D2 receptors or of the DAT. Rather we examined only the changes in the density of receptor proteins. Although the results have implications for the potential roles of these systems, further studies will be required to shed light on the behavioral consequences of the changes shown here. Another limitation of the present study is that autoradiographic ligands often fail to dissociate between intracellular and cytoplasmic locations of their targets, as radiolabeled antagonists are often membrane permeable. Little et al (2002) demonstrated that chronic exposure to cocaine leads to a significant upregulation of DAT at the membrane surface, concurrent with a decrease in the intracellular DAT concentration, in transfected cells. Recently, Samuvel et al (2008) reported a similar finding in rat striatal synaptosomal preparations. These results suggest that the alterations in the DAT distribution observed in the present study may represent changes at the membrane surface, rather than intracellular sites.
Finally, some caution should be given to the interpretation of the studies of prolonged (90 days) abstinence, as these findings were based on a relatively small group of animals (N ¼ 3). Despite the small number of subjects, the data obtained from this group were rather consistent, as can be seen in a scatter plot shown in Figure 2 . The concentration of D1 receptor binding sites across the striatum showed little variability within groups, suggesting the reliability of these findings. Similar consistency was also Figure 2 Binding densities of D1 receptors for individual animals averaged across the entire striatum following either food reinforcement (controls), or 30 or 90 days abstinence from chronic cocaine selfadministration. Means for groups are depicted with black bars, ***po0.001 compared to food-reinforced controls. evident in data from D2 receptor and DAT binding assays. Although caution should be exercised, these data strongly suggest that restoration of concentrations of DAT and DA receptors within the striatum can occur with prolonged abstinence.
CONCLUSIONS
In conclusion, exposure to cocaine self-administration produced significant alterations in the regulation of DA systems that persisted during the early phases (first 30 days) of abstinence. This was most evident in the regulation of the concentration of D1 receptors and the DAT, both in terms of their magnitude of alterations and their topographical extent. In contrast, there was evidence for normalization with longer durations of abstinence from cocaine exposure, in that the concentrations of DAT, D1, and D2 receptors after 90 days of abstinence did not differ from those of nondrug-exposed controls. These systems, however, do not necessarily follow the same temporal course of recovery, suggesting that there is likely to be some instability in the regulation of DA levels particularly early in abstinence. This dopaminergic dysregulation may impact the effectiveness of any potential pharmacotherapy administered to abstinent cocaine addicts, particularly if the medication relies on the DA system for its mechanism of action.
